MATERIALS AND METHODS
Computational. All calculations were carried out using planewave based density functional theory (DFT) with Quantum-ESPRESSO (1). Core electrons were described using recently developed optimally tuned norm-conserving pseudopotentials (2, 3) . A planewave cutoff energy of 80 Ry was used in describing the wavefunctions in all calculations, and the Brillouin zone was sampled using a 4×4 k-point Monkhorst-Pack grid for the in-slab dimensions. All geometry optimizations were carried out using the PBE functional (4) with Hubbard U (5, 6) corrections of 6.6 eV and 3.5 eV for Ni and Fe, respectively. We adopted Hubbard U values from the literature, where they were computed using linear response theory (7) . However, there are several means of choosing the optimal value of U, and it has been shown that, for example, different oxidation states of the same transition metal ion may favor different optimal U values (8, 9) .
Thus, to ensure the robustness of our results, we also performed single point energy calculations with the global hybrid functional PBE0 (10, 11) . A similar strategy was used by Zaffran and Toroker recently (12) . The use of PBE0 is further motivated by recent calculations suggesting that the mixing fraction of exact exchange in global hybrid functionals should be chosen to be the inverse of the dielectric constant (13) (14) (15) . The highfrequency dielectric constant was computed to be ~3.5 for bulk Ni(OH)2 (16) , suggesting a fraction of exact exchange of 0.29, comparable to of the fraction of 0.25 for PBE0. More importantly, as shown below, PBE0 is necessary to open a band gap for many of the active catalyst redox states. Furthermore, we also find that PBE0 gives redox potentials that are in better agreement with experiments than those computed at the PBE+U level of theory.
To reduce the computational cost of the PBE0 calculations, we optimized the geometries at the PBE+U level of theory and only performed single-point PBE0 calculations. Test calculations relaxing Ni4O8Hn slabs at the PBE0 level of theory indicated that the PBE+U and PBE0 geometries differ by only 0.05 Å for metal--O bonds and 0.01 Å for O--H bonds, as shown in Table S1 .
A single layer of NiFe oxyhydroxide was used in each of the computations as electronically representative of the real system, as shown in Figure 1 . The layer-layer interactions do not qualitatively affect the electronic structure ( Figure S1 ), and in situ the S4 layers are intercalated by solvent and ions, further attenuating interactions between layers (17) . The unit cell for the Ni-only systems contained 4 Ni, 8 O, and 08 H. In the doped systems, one of the Ni sites was replaced by Fe (25% doping), and an analogous series of H stoichiometries were studied. The nomenclature for all systems used hereafter is fully described in the main text. All geometries and lattice constants, as well as sample Quantum-ESPRESSO input files, are presented below. The systematic net dehydrogenation of the unit cell used in calculations was described by corresponding proton-coupled redox potentials. The potentials are computed relative to the Ni 2+/3+ potential, which was measured experimentally. The scheme utilized in this work for computing relative proton-coupled redox potentials is presented below. For the 5H state of the NiFe system, several hydrogen configurations close in energy were found, thereby complicating straightforward interpretation.
As discussed in the main text, assigning oxidation states to species in condensed phases is a challenging task, and thus we verified the consistency of results obtained with different approaches. Here, we briefly describe a method that is based on calculations of maximally localized Wannier functions (MLWFs) (9, 18) . In this scheme, the centers of MLWFs are computed for the valence states of the system, and those located in the close proximity of the transition metal ions are identified and used to define site-specific magnetizations and oxidation states. In particular, the magnetic moment (μ) associated with a certain site is computed by subtracting the number of spin down MLWF centers from the number of spin up MLWF centers associated with the site: complexes and cobalt oxides, and it is expected that this method allows for assigning atomic oxidation states unambiguously for other strongly ionic systems as well (9, 18) .
We computed magnetizations and oxidation states for the n = 4 system with and without iron using the Wannier method. The results are compared to the approach used in the main text (which we call "Spin density" approach) in Table S5 . To compute MLWFs, we used the QBOX code (19, 20) with the same pseudopotentials that were used for our calculations with Quantum-ESPRESSO: the unit cell described in the main paper, the S5 PBE0 hybrid functional, Gamma-point only Brillouin zone sampling (verifying that the Gamma-point sampling gives accurate site-specific magnetizations and oxidation states), and a reduced wave function energy cutoff of 60 Ry. As Table S6 shows, the Wannier method agrees well with the analysis based on the integrated spin densities. Spectroelectrochemistry was performed on films of Ni1-xFex(OH1-y)2 deposited on a FTO-on-glass transparent electrode. The (hydr)oxide films were produced by anodic decomposition of deposits of metal acetylacetonate complexes in the desired stoichiometry using the following procedure. A solution of 50 mM Ni(acac)2 in 1:1 iPrOH:CH3CN with 5 µl/ml of poly(tetrahydrofuran) (Mn ~ 250) added was coated on the electrode, allowed to dry to a film, and the excess was wiped off. The electrode was placed in Fe-free 1 M KOH and CV was performed until the shape of the peaks was consistent from scan to scan (~ 3 cycles). Any NiOOH formed that was not part of an adherent film was wiped off and the process repeated until a sufficiently dark film was produced (12 -20 layers). Ni1-xFex(OH1-y)2 films were produced in a similar process using a deposition solution composed of the appropriate mixture of Ni(acac)2 and Fe(acac)3 stock solutions. Once formed, the catalyst films were placed in fresh Fe-free 1 M KOH in a cuvette constructed from a 50 ml S6 polystyrene culture flask. A Pt wire separated by a polyethylene frit was used as the counter electrode and a 1 M KOH Hg/HgO reference electrode was used. Potentials are reported vs. NHE (Hg/HgO in 1 M KOH + 140 mV) (22) . The electrode was held at a given potential until the current reached steady-state (2 -5 minutes) and then a spectrum was obtained while holding that potential. Molar absorptivities (on a per-metal basis) were calculated based on the area of the cathodic peak in the CV and assume that this peak arises from a 1e − / Ni atom process.
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Scheme S1. Reaction of interest, reference reaction, and relative reaction.
The first reaction is the reaction of interest, and the second reaction is the reference reaction. All free energies shown here correspond to reduction free energies. When adding the two reactions, the H2 on both sides cancel because the first line is multiplied by , leading to:
The free energies for the reaction of interest and the reference reaction are related to the reduction potentials as follows:
F is the Faraday constant. Here is the experimental value for the reference reaction reduction potential. Plugging these expressions into Eq. (S1) gives the expression for the reduction potential for the reaction of interest:
.
Note that the number of OH bonds is the same on the right and left sides of the relative reaction shown on the last line of Scheme S1. For solids, the relative electronic energy change obtained from DFT at 0 K is a reasonable approximation for the relative free energy change in the last line of Scheme S1. For this reaction, the number of OH bonds and all other types of bonds is the same for reactants and products, resulting in a negligible change in zero point energy and vibrational entropy, and translational and rotational entropy effects are negligible because H2 is not part of this reaction. Thus, 
The correction factor, , is the difference between the experimental and calculated reduction potentials for the reference reaction. All calculations must be performed using the same cell and the same computational parameters with the same code to ensure proper cancellation of zero reference energies. Figure 5a in the main paper but is expanded along the abscissa here. 
where E is the applied potential, n is the difference in the number of H atoms in the unit cell of the least oxidized species (8H for pure and 7H for doped) relative to that of the nH, and nH E is the calculated proton-coupled redox potential for the reaction associated with converting the least oxidized species to the nH species. The prefactor 0.059 = RT/F, where R is the universal gas constant, T is 298 K, and F is the Faraday constant. The least oxidized species corresponds to the black horizontal line at 0   nH G , and the other lines intersect this horizontal line at the potential associated with converting the least oxidized species to the nH species. At any applied potential E, the species associated with the lowest value of  nH G is the most thermodynamically stable species at pH 14. Thus, the information provided herein corresponds to a one-dimensional slice of a Pourbaix diagram. 
